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EFFECT OF SIMULATED EARTH REENTRY EXPOSURE ON MECHANICAL 
PROPERTIES OF SEVERAL OXIDE DISPERSION STRENGTHENED 
AND SUPERALLOY SHEET MATERIALS 
by J. Daniel Whittenberger 
Lewis Research Center 

SUMMARY 

The effects of simulated multiple reentry into the Earth’s atmosphere on the 
mechanical properties of several high temperature metallic sheet materials were eval- 
uated. The materials included five thin-gage (nominally 0. 025- and 0.037-cm) oxide 
dispersion strengthened (ODS) alloys and two thin-gage (nominally 0. 037-cm) super- 
alloys. Multiple reentry conditions were simulated through cyclic Plasma Arc Tunnel 
(PAT) exposure. 

PAT exposure generally consisted of 100 cycles of 600-second duration at 1255, 

1366, or 1477 K (1800^, 2000^, or 2200^ F) in a Mach 4. 6 air stream with an impact 
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pressure of nominally 800 N/m . The superalloys, Haynes Alloy 188 and Hastelloy X, 
were subjected to the least severe conditions (100 cycles at 1255 K); and the ODS alloys, 
TD-NiCrAl and TD-NiCrAlY, were subjected to the most severe conditions (100 cycles 
at 1477 K). Intermediate exposures were given to the two ODS alloys that do not contain 
aluminum, TD-NiCr and DS-NiCr. Mechanical properties of all alloys were determined 
before and after PAT exposure. Additional analysis included examination of the micro- 
structure and oxide scale of exposed alloys, and fracture surfaces of tested specimens. 

PAT exposure produced a uniform oxide scale on all the alloys. In addition, expo- 
sure of the aluminum-free alloys resulted in oxide pits or intergranular oxidation, 
Kirkendall porosity, and alloy depletion zones. Microstructural changes were not ob- 
served in the aluminum containing ODS alloys. Within the limits of the PAT exposures 
evaltiated in this study, PAT exposure did not significantly affect the mechanical proper- 
ties of the thin gage (nominally 0. 025- or 0. 037-cm) alloys evaluated. Thus it appears 
that the microstructural changes produced by Plasma Arc Tunnel exposure has little 
influence on mechanical properties. 

Based on the results of this study, the evaluated superalloys and ODS alloys appear 
to be usable in thermal protection systems for hypersonic reentry conditions providing 
the design operating parameters are matched to the normal limitations of these alloys. 


INTRODUCTION 


Thin -gage metallic sheet alloys have been considered for use in thermal protection 
systems (TPS) and related components of reusable hypersonic reentry vehicles, such 
as the Space Shuttle. In these applications, both high temperature strength and oxidation 
resistance are required to withstand the stress- temperature- hypervelocity oxidizing 
conditions encountered during multiple reentry exposures. Previous investigations 
(refs. 1 to 5) have shown that nickel-base and cobalt-base superalloys and oxide 
dispersion strengthened (ODS) nickel-base alloys have potential for use as TPS materi- 
als. However, it was also shown (refs. 1, 2, 3, and 5) that high temperature, high 
velocity conditions greatly increase the oxidation rate as compared to static testing of 
the materials which form chromia or chromite spinels. The increased oxidation rates 
reduced the base metal thickness and increased microstructural damage in the base 
metal near the oxide/metal interface. The changes in microstructure included develop- 
ment of porosity, alloy depletion, oxide pits, and/or intergranular oxidation. Such 
behavior is thought to be detrimental for multiple use applications as these effects can 
reduce the load carrying capacity of the material. 

The purpose of this study was to determine the effects of a high temperature- high 
velocity oxidizing environment on the mechanical properties of several high temperature 
sheet alloys that are potential candidates for use in metallic thermal protection systems. 
To accomplish this, seven thin-gage sheet alloys were exposed in a Plasma Arc Tunnel 
(PAT) which simulates high temperature- hypervelocity reentry conditions. After PAT 
exposure, the mechanical properties were determined and compared to the sheet alloy 
properties prior to exposure. Additional analysis included examination of the micro- 
structure and oxide scale of the exposed alloys. 


EXPERIMENTAL 

Materials 

Five oxide dispersion strengthened alloys and two superalloys were investigated in 
this program. The nominal compositions and thickness of these sheet alloys are listed 
in table I. Three different types of Ni-20Cr-ThO2 alloys were examined. They included 
TD-NiCr, which was produced by a standardized process involving powder metallurgy 
techniques and thermomechanical processing (ref. 6); and two DS-NiCr alloys, which 
were produced by pack chromizing of Ni-2Th02 (ref. 7). The difference between 
DS-NiCr(I) and DS-NiCr(n) was in the supplier of the Ni-2Th02 alloy sheet. DS-NiCr(I) 
was produced from DS-Ni (Sherritt- Gordon Mines, Ltd. ) while DS-NiCr(n) was produced 
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from TD-Ni (Fansteel, Inc. ). TD-NiCrAl and TD-NiCrAlY are experimental alloys 
which were developed as modifications of Ni- 20 Cr- 2 ThO 2 in an attempt to improve the 
oxidation resistance of the base alloy. In making TD-Ni CrAlY, yttrium was added in 
metallic form. However, it is felt that the powder metallurgy techniques involved in 
sheet manufacture resulted in the yttrium being present as an oxide (private communi- 
cation from C. P. Blankenship; Lewis Research Center; Cleveland, Ohio). In addition 
to the dispersion strengthened alloys, the nickel-base alloy Hastelloy X and the cobalt- 
base alloy Hajmes Alloy 188 were also examined. These alloys are representative of 
conventional oxidation-resistant superalloy sheet materials. 

The microstructure of TD-NiCr consisted of pancake-shaped grains approximately 
50 iJ.m thick and 210 ^m in diameter (grain aspect ratio ~4). As the unique microstruc- 
ture of DS-NiCr produced by pack chromizing consists of bands of thoria-free and thoria- 
containing regions, grain size parameters were essentially undeterminable. However, 
from figure 1 it can be seen that DS-NiCr(II) had a larger grain size than DS-NiCr(I). 

The grain structure of TD-NiCrAl could not be determined as it consisted of very small 
grains with a low grain aspect ratio. TD-Ni CrAlY possessed a duplex microstructure 
with relatively large grains (probably the result of the secondary grain coarsing effect, 
(ref. 8) and very fine grains. The large grain regions in TD-NiCrAlY accounted for 
less than 15 percent of the total microstructures. Both Hastelloy X and Haynes Alloy 
188 had equiaxed grain structures where the average grain diameters were 36 jum for 
Hastelloy X and 25 lira for Haynes Alloy 1 88. 

All alloys were tested in the as-received surface condition. With the exception of 
TD-NiCrAl and TD-NiCrAlY, the sheet alloys had metallic finishes - TD-NiCrAl and 
TD-Ni CrAlY had preoxidized surfaces which were developed through the process outlined 
in reference 9. Such preoxidation was necessary to develop a protective alumina scale. 
The Ni-20Cr-2ThO2 alloys had a nominally 120 grit belt sanded surface finish, and the 
superalloys had a cold rolled surface finish. 


Plasma Arc Tunnel Exposure 

The Plasma Arc Tunnel exposure of the thin sheet alloys was conducted under NASA 
Contract NAS2-6601 by the Flight Sciences Department of the McDonnell Douglas Re- 
search Laboratories, St. Louis, Missouri, under the direction of W. A. Rinehart. De- 
tailed test procedures and results as pertaining to the PAT exposures are reported in 
reference 10. In general, nominally 10- by 10- cm samples were fabricated from the 
sheet alloys. Each sample was exposed to the high temperature- hypervelocity air 
stream for either 50 or 100 cycles. Each cycle consisted of 600 seconds in the test 
stream, followed by 600 seconds out of the test stream. All exposures were conducted 
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with the sample surface normal to the air stream, and the entire sample simface was 
bathed in the test stream. The nominal test conditions involved exposure at 1255, 1366, 
or 1477 K (1800*^, 2000°, and 2200° F) to a Mach 4. 6 air stream with an impact pres- 
sure of nominally 800 N/m (6 torr). Sample temperatures were monitored during each 
test cycle by Pt-Pt/10%Rh thermocouples which were tack welded to the back of the 
samples. In general, the sample temperatures were imiform to ±5 percent. Thickness 
measurements of each sample were made prior to, at various intervals during, and 
upon completion of the cyclic exposure. Figure 2 illustrates the front view of a test 
sample and the approximate locations of the thickness measurements and thermocouple 
sites. A t 3 ^ical temperature-time profile for a test cycle is shown in figure 3. With 
one exception, duplicate samples were exposed for each material-test temperature con- 
dition. 

As the aluminum modified ODS alloys were thovight to possess the best oxidation 
resistance, they were subjected to the most severe PAT conditions (100 cycles at 
1477 K). Because of their probable lower oxidation resistance, the superalloys were 
subjected to the least severe exposure conditions (100 cycles at 1255 K). Also, because 
of their intermediate oxidation resistance, the nominally Ni- 20 Cr- 2 ThO 2 alloys were 
exposed at various conditions ranging from 100 cycles at 1255 K to 50 cycles at 1477 K. 


Postexposure Evaluation 

Following Plasma Arc Tunnel exposure, pin-grip-type tensile specimens were 
blanked from each PAT sample. The tensile specimens had a 2. 5- by 0. 63-cm gage 
section where the gage length was perpendicular to the sheet rolling direction. Testing 
in this direction was chosen as the transverse sheet direction is generally weaker than 
the longitudinal sheet direction (rolling direction) and perhaps more susceptible to ex- 
ternal influences. Five tensile specimens were obtained from each exposed sample. 
Tensile-type specimens were also blanked from the as-received sheet alloys. In order 
to remove any residual effects of the blanking operation, the edges of as-punched speci- 
mens were dressed down by manual grinding with a rubber-bonded abrasive. This, un- 
fortunately, introduced shallow depressions as deep as 0. 01 cm into the gage section in 
many test specimens. To remove the influence of the depressions, the gage sections 
were machine ground to approximately 0. 58 cm in width. 

To determine the effects of PAT exposure, mechanical property tests were con- 
ducted on as-received and as-exposed alloys. The mechanical property testing included 
room temperature and elevated temperature tensile tests, elevated temperature creep 
tests, and room temperature tensile tests after creep testing (residual property tests). 
AH testing was conducted in air. 
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Elevated temperature testing was conducted at 1366 K for the dispersion strei^th- 
ened alloys and at 1255 K for the superalloys. The mechanical properties of the exposed 
specimens were based on the original average thickness of the PAT sample. The 
mechanical testii^ was conducted to ASTM Specifications E21-70 and E139-70. Most 
testing was accomplished under contract NAS3- 17168 at Spectrum Laboratories, Inc. , 
Piscataway, New Jersey. Additional testing was completed at the Lewis Research Cen- 
ter. Strains for both elevated temperature tensile and creep tests were measured by 
an extensometer involving rods which were mechanically attached to the reduced section. 
Differential motion of the extensometer rods was measured by a linear variable differ- 
ential transformer (LVDT). The output of the LVDT was continuously recorded. This 
extensometry system was apparently able to sense strains on the order of 0. 0001 over 
the period of the test. 

Other postexposure examinations included analysis of the PAT surface oxides by 
X-ray diffraction techniques, metallography of the sheet cross section, electron micro- 
probe analysis of the alloy depletion zones. These studies were conducted on blanking 
scrap from near the center of the exposed samples (position 9, fig. 2). In addition, the 
fracture sirrfaces of selected mechanical property test specimens were examined with 
aid of the scanning electron microscope (SEM). 


RESULTS AND DISCUSSION 
Structural Effects of PAT Exposure 

Surfac e oxidation . - The PAT exposure conditions, average as-received and as- 
exposed thickness, color of the exposed surface, and oxides found on the exposed sur- 
face for each alloy are presented in table n. From the thickness data in table II, it can 
be seen that PAT exposure produced about a 10 percent increase in thickness for all the 
alloys. This change in thickness is probably due to the buildup of oxide scale, localized 
protrusions on the oxide scale, and some distortion of the test sample. The copper 
color observed on the PAT exposed side of many test specimens was found to be due to 
copper chromate. Copper was apparently injected into the plasma arc stream through 
erosion of the plasma arc electrode (a 20wt. %Cu-80wt. %Ag electrode was used in this 
work). Data in table II on the oxide phase formed on the PAT-exposed surface Indicates 
that the presence of copper affects the lower temperature oxidation behavior of the 
Ni-20Cr-2ThO2 alloys; for example, after exposure to 1366 K, the only surface oxide 
found was CugCrgO^. Normally the surface oxides formed on Ni-20Cr-2ThO2 alloys 
would be NiO, Cr20g, and/or spinels (refs. 2 and 5). Copper contamination of the 
plasma arc stream apparently had no effect on the oxide phase formed on the other alloys 
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or TD-NiCr exposed at 1477 K. For similar exposure conditions, the oxide phases ob- 
served in this study agree, in general, with those reported in reference 2. However, 
it should be noted that in this study there is evidence that the foreign metal ions in the 
plasma arc stream affected the oxidation behavior of some of the exposed alloys. Thus, 
such PAT exposures may not be truly representative of a reentry into the atmosphere. 

Micr ostructur e . - The results of the microstructural study and t5^ical photomicro- 
graphs are presented in tables HI and IV and figure 4. In general, for the aluminum- 
free ODS alloys, PAT exposure produced uniform oxide layers on both sides of the 
sample (figs. 4(a), (b), and (d)), oxide pits (fig. 4(a)) or intergranular oxidation on the 
PAT-exposed side (fig. 4(d)), zones of alloy depletion behind the oxide scales (table HI), 
and in some instances Kirkendall porosity in the alloy depletion zones (figs. 4(a) and (b) 
and table HI). On the other hand, PAT exposure of the aluminum- containing ODS alloys 
simply produced a uniform oxide scale on both sides of the sample (fig. 4(c)). No 
microstructural damage was observed in the aluminum -containing ODS alloys. 

Metallography of exposed Ni-20Cr-2ThO2 alloys indicated that PAT exposiore did 
not affect the grain structure of these alloys; however, PAT exposure did produce dras- 
tic microstructural changes near the sheet surfaces (figs. 4(a) and (b)). The data in 
tables ni and IV for TD-NiCr indicate that the degree of microstructural damage in- 
creases directly with the temperature of the PAT exposure. It can also be seen in these 
tables that similar PAT exposure (100 cycles at 1366 K) can produce differing amounts 
of microstructural damage in the various Ni-20Cr-2ThO2 alloys. For example, the 
DS-NiCr alloys had less Kirkendall porosity and a lower Cr substrate surface concen- 
tration than TD-NiCr; also, DS-NiCr(II) possessed the deepest oxide pits, while 
DS-NiCr(I) apparently had no oxide pits. Overall, the microstructures of Ni-20Cr-ThO2 
alloys after PAT exposure are similar to those reported in references 2 and 5. 

PAT exposure of Hastelloy X and Haynes Alloy 188 at 1255 K did not affect the grain 
sizes of these alloys; however, exposure did produce grain boundary and intragranular 
precipitates in both alloys (fig. 4(d)). These precipitates are apparently the results of 
thermal effects at 1255 K as a 16-hour anneal at 1255 K produced similar precipitation 
in both alloys. Data (figs. 1314, 1315, and 1416) in reference 11 indicates that the pre- 
cipitates in both alloys are probably carbides. PAT exposure of these alloys at 1255 K 
also produced a imiform oxide scale, intergranular oxidation, and zones of alloy deple- 
tion; however, Kirkendall porosity was not observed. No precipitates were seen in 
Haynes Alloy 188 after exposure to 50 cycles at 1366 K; however, this exposure did 
produce grain growth. Unfortimately, the grain size could not be determined due to 
difficulty in etching. Other microstructural features after this exposure included a 
thick oxide layer, alloy depletion, and intergranular oxidation. 
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Mechanical Properties 


The averaged mechanical properties for TD-NiCr and Haynes Alloy 188 are pre- 
sented in figures 5 and 6. In general, the results for these two alloys are typical of 
those for all the alloys examined. The overall observation of this work is that the PAT 
exposures evaluated in this study did not significantly affect the mechanical properties 
of either the ODS alloys or the superalloys in the sheet thickness evaluated. Thus, it 
appears that the microstructural damage produced by Plasma Arc Tunnel exposures 
evaluated in this study had little influence on bulk mechanical properties. Below are 
presented short discussions of the mechanical properties measured in this work. The 
supporting evidence is contained in figures 5 and 6 and appendix A. The latter is a 
tabular compilation of measured mechanical properties for all the alloys and test con- 
ditions evaluated in this study. 

Room temperature tensile pr operties . - Considering only ultimate tensile strengths 
and tensile elongations, PAT exposure did not greatly influence these properties. Typi- 
cal examples are shown in figure 5(a). As-received and as-exposed mechanical proper- 
ties of DS-NiCr(I), DS-NiCr(II), Haynes Alloy 188 (100 cycles at 1255 K), and TD- 
NiCrAl were essentially equivalent. Exposure appears to slightly reduce the ultimate 
tensile strength and elongation of TD-NiCr (not statistically significant by test) and 
Hastelloy X (statistically significant). Haynes Alloy 188 exposed to 50 cycles at 1366 K 
suffered about a 15 percent reduction in ultimate tensile strength (statistically signifi- 
cant); this is probably due to the observed grain growth in this condition and loss of 
load-bearing area due to oxidation during PAT exposure. TD-NiCrAlY seemingly suf- 
fered a 30 percent reduction in ultimate tensile strength after PAT exposure; however, 
residual property tensile tests of TD-NiCrAlY (see the section Room temperature prop- 
erties after PAT exposure and creep testing ) indicated little, if any, difference between 
the tensile properties of as-received alloy, creep- tested-as-received material, and 
creep- tested- PAT-exposed material. 

While the room temperature tensile properties indicated that PAT exposure had 
little effect, scanning electron microscope (SEM) examination of the tensile fracture 
surfaces revealed microstructural damage in several alloys. The damage observed in 
PAT-exposed TD-NiCr is particularly striking and can, in some instances, resemble 
that due to creep effects (refs. 12 and 13) as can be seen in figure 7. The network of 
very large fracture dimples in figure 7(a) is probably due to ductile fracture mechanism 
in a region containing a very high concentration of Kirkendall pores. The fracture sur- 
face shown in figure 7(b) is more typical of PAT exposed TD-NiCr. The existence of 
PAT damage in these photomicrographs can be easily seen by a comparison of them to 
figure 7(c) which illustrates the typical fracture surface in as-received TD-NiCr. 
Microstructural damage due to PAT exposure was occasionally seen in DS-NiCr(I) and 
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and DS-NiCr(n); however, this damage was not as severe as that seen in TD-NiCr be- 
cause of the lower concentration of Kirkendall porosity (table m and ref. 14). 

The tabular room temperature tensile data for all alloys and PAT exposure condi- 
tions evaluated in this study are presented in appendix A. The tensile data include 
0. 02 percent yield stress, 0.2 percent yield stress, ultimate tensile strength, and ten- 
sile elongation. 

Elevated temp erature tensile properties. - The results of 1366 K tensile testing of 
TD-NiCr and 1255 K tensile testing of Haynes Alloy 188 are shown in figure 5(b). As 
was the case for room temperature tensile testing, PAT exposure had no significant 
effect on elevated temperature tensile properties. Prior exposure had essentially no 
effect on the properties of TD-NiCr, TD-NiCrAl, TD-NiCrAlY, and Ha 3 mes Alloy 188. 
The ultimate tensile strei^th of DS-NiCr(I) and DS-NlCr(n) was unaffected by prior ex- 
posure; however, the 1366 K tensile ductility appears to have been reduced about 
50 percent in these two alloys. The ductility of DS-NiCr(I) seems to be reduced from 
2. 6 to 1.4 percent through exposure; however, this difference was not found to be 
statistically significant. On the other hand, the decrease in tensile elongation observed 
in DS-NiCr(n) after PAT exposure (2.3 percent versus 5.2 percent for as-received 
alloy) is statistically significant. PAT exposure also had little effect on the ultimate 
tensile strength of Hastelloy X; however, the ductility may be slightly (~20 percent) 
reduced. 

The tabular elevated temperature tensile data for all alloys and PAT exposures 
evaluated in this study are presented in appendix A. The data include 0. 02 percent yield 
stress, 0.2 percent yield stress, ultimate tensile strength, and tensile elongation. 

Elevated tempera ture creep properties. - Creep tests were conducted at 1366 K on 
the ODS alloys and at 1255 K on the superalloys; typical results in the form of total 
plastic creep (time-dependent strain plus plastic strain on loading) are presented for 
TD-NiCr and Haynes Alloy 188 in figure 5(c). As was the case for tensile properties, 
PAT exposure essentially had no effect on the creep strength properties. In practically 
all cases, the exposed alloys were at least as strong as the as-received alloys; in fact, 
most tests indicated that the exposed alloys were more creep resistant than the unex- 
posed alloys. In general, creep in the evaluated alloys systems, particularly the ODS 
alloys, did not follow the classical three-stage behavior. In many tests, creep con- 
sisted of a long period of transient creep followed by a period of essentially no time- 
dependent deformation (steady state creep rate less than 3x10"^® sec”^). 

In table V, the average total plastic creep strain after 150 hours of testing (time- 
dependent strain plus plastic strain on loading) is presented as a function of initial stress 
for each alloy. The data in this table were obtained by averaging the test results for 
both as-received and PAT-exposed specimens. The three Ni-20Cr-2ThO2-type alloys 
exhibited about equal strength, while TD-NiCrAl and TD-NiCrAlY were much weaker. 
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These results are in agreement with those in references 6 and 7 with regards to corre- 
lations between microstructure and creep strength of ODS alloys. The superiority of 
the creep strength of TD-NiCr in comparison to that of TD-NiCrAl and TD-NiCrAlY is 
due to the differences in microstructure. TD-NiCr had a large grain size and a reason- 
ably high grain aspect ratio while both TD-NiCrAl and TD-NiCrAlY had small grain sizes 
and low grain aspect ratios. Previous work (ref. 6) has shown that both large grain size 
and large grain aspect ratio are required for high creep strength in the TD-NiCr and 
TD-NiCrAl systems. The almost equivalent creep strength of TD-NiCr, DS-NiCr(I) 
and DS-NiCr(n) is more difficult to understand. As can be seen in figures 1 and 4, the 
microstructures of DS-NiCr(I) and DS-NiCr(II) are unique and totally different from 
that of TD-NiCr. From the microstructures in figure 1, it appears that DS-NiCr(I) and 
DS-NiCr(n) can be viewed as laminar composites composed of alternating layers of 
strong material (Ni-20Cr-2ThO2) and weak material (Ni-20Cr). According to refer- 
ences 15 and 16, laminar composites generally have stress-rupture strengths equal to 
or exceeding the values predicted by the rule -of- mixtures. Since the DS-NiCr-t 3 q>e 
alloys evaluated had a high volume fraction of thoriated alloy (approximately 80 percent), 
they should possess good creep strength. 

Of the superalloys evaluated, Hastelloy X appears to be the stronger alloy at 1255 K. 
The creep strength of Haynes Alloy 188 is similar to that reported in reference 4. 

The tabular elevated temperature creep data for all alloys and PAT exposiore eval- 
uated in this study are presented in appendix A. The creep data include elastic strain 
on loading, plastic strain on loading, time required to produce various creep strains, 
creep strain at end of test, total plastic creep strain at end of test, and approximate 
steady state creep rate. Again it should be noted that all testing was conducted in the 
transverse sheet direction which is generally believed to be the weakest direction. 

Room temperature properties after PAT exposure and creep testing . - Following 
elevated temperature creep testing, test specimens were tensile tested at room temper- 
ature to obtain residual property data. The data shown in figure 6 for TD-NiCr are 
typical for an alloy which undergoes creep degradation where prior creep strains as low 
as 0. 1 percent drastically reduce tensile ductility and somewhat reduce ultimate tensile 
strei^th. These data seem to indicate that the PAT exposed TD-NiCr was more sus- 
ceptible to creep damage than the unexposed material (this indeed seems to be the case 
here on the basis of Scanning Electron Microscope examination of the residual fracture 
surfaces). However, it should be noted that a previous study (ref. 12) has shown that 
small amoimts of prior elevated temperature creep strain (on the order of 0. 1 percent) 
alone can severely reduce room temperature tensile properties. The difference in 
residual properties between the unexposed and exposed alloys could be simply due to the 
great difficulty in accurately measuring small creep strains at elevated temperatime. 
Therefore, until further residual property testing is conducted, it is tentatively con- 
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eluded that there is no difference in residual properties between creep tested TD-NiCr 
and PAT exposed- creep tested TD-NiCr. 

On the basis of these mechanical property data, the only ODS alloy that exhibited 
definite signs of creep degradation was TD-NiCr. However, SEM examination of 
selected residual property specimens revealed that creep degradation can occasionally 
occur in DS-NiCr(I) and TD-NiCrAlY. Examples of creep damage are shown in figure 8. 
These fractographs are similar to those shown for other creep-damaged ODS alloys 
(refs. 12 and 13). It should be noted that for DS-NiCr(I) only one residual property 
specimen out of 13 tests suffered creep damage while only three TD-NiCrAlY residual 
property specimens out of 12 tests were creep damaged. On the other hand, nearly all 
TD-NiCr residual property specimens (14 out of 17 tests) were found to be creep dam- 
aged. The mechanical properties of DS-NiCr(II) and TD-NiCrAl indicated that these 
alloys were not creep damaged. SEM examination of selected residual property frac- 
time surfaces for these alloys confirmed the absence of creep damage. 

Creep damage in ODS alloys is believed to be due to diffusional creep (refs. 12, 13, 
and 17). During creep in large grain size ODS alloys, relatively wide (~1 pm) 
dispersoid-free bands are formed around grain boundaries which are perpendicular to 
the applied stress. During subsequent residual property testing, tensile deformation 
tends to be confined to the dispersoid-free bands as they are weaker than the dispersion 
strengthened material. This results in low macroscopic residual tensile ductility. On 
the other hand, diffusional creep in small grain size ODS material apparently does not 
result in creep damage (ref. 13), as only very narrow dispersoid-free bands would be 
formed (band widths on the order of the interparticle spacing). This model agrees with 
the residual property test results for TD-NiCr (large grain size leads to creep damage), 
TD-NiCrAlY (the few large grains would be potential sites for creep damage), and 
TD-NiCrAl (no creep damage due to the small grain size). While creep in the DS-NiCr 
type alloys is not well understood, the almost total absence of creep damage could be 
due to the laminar microstructure and apparent small grain size within the dispersion 
strengthened lamella (fig. 1). Perhaps the one instance of creep damage in DS-NiCr(I) 
shown in figure 8(b) is due to an abnormally large grain within the DS-NiCr(I) structure. 

The residual property data for Haynes Alloy 188 are presented in figure 6. These 
data are typical of the two superalloys tested in this study. While the creep tested 
specimens appear to xmdergo a significant loss of tensile ductility (~50 percent com- 
pared to as-received ductility), this loss of ductility is probably due to carbide pre- 
cipitation resulting from thermal exposure. Previous work (ref. 18) has shown that 
thermal exposure of Haynes Alloy 188 and Hastelloy X at 1255 K significantly reduces 
(~50 percent) their room temperature ductility. The ductility loss for the two super- 
alloys reflects itself in the change from intragranular fracture (no thermal exposure) to 
a partially intergranular fracture (after thermal exposure) as shown in figure 9 for 
Haynes Alloy 188. 
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Additional PAT Exposure 


During the course of this study, one set of DS-NiCr(I) samples were subjected to 
slightly higher temperatures during PAT exposure than originally planned. The results 
of this exposure on the microstructure and the mechanical properties of DS-NiCr(I) are 
given in appendix B. 


SUMMARY OF RESULTS 

A study of the effect of various Plasma Arc Tunnel exposures on five thin -sheet ox- 
ide dispersion strengthened alloys and two thin- sheet superalloys has shown the follow- 
ing: 

1. Plasma Arc Tunnel exposures can produce microstructural changes in all the 
evaltiated alloys except the nominally Ni-16Cr-4Al ODS alloys. 

2. Within the limits of this study, the high temperature-hypervelocity-oxidizing 
conditions encoimtered during Plasma Arc Tunnel exposure, did not significantly affect 
the mechanical properties of the nominally 0. 025- and 0. 037-cm thick sheet alloys. 


IMPLICATIONS OF RESULTS 

On the basis of mechanical property testing of various ODS alloys and super alloys, 
it appears that the severe oxidizing conditions encountered durii^ short term-cyclic 
exposure in a Plasma Arc Tunnel do not significantly affect the properties of these 
alloys. Although some chaises in properties were observed, practically all of these 
changes could be ascribed to either thermal effects (such as decreases in room temper- 
ature ductility of Haynes Alloy 188 and Hastelloy X after being aged at 1255 K) or creep- 
related effects (such as creep degradation of TD-NiCr). Thus the high temperature- 
h37pervelocity-cyclic oxidizing conditions that are unique to Plasma Arc Tunnel testing 
do not seem to significantly contribute to the observed mechanical property changes. 
While some of the alloys did exhibit readily observable microstructural changes as a 
result of PAT exposure, such changes in microstructure did not affect the mechanical 
properties of thin-gage (nominally 0. 025- and 0. 037-cm) alloys. 

For hypervelocity- elevated temperature- cyclic conditions involving up to a total of 
about 16 hours exposure, this study indicates that both superalloys and ODS alloys can 
be considered as candidates for thermal protection systems. The use of the conventional 
superalloys is usually preferred, where possible, because of their lower cost and 
greater base of experience. The superalloys, Haynes Alloy 188 and Hastelloy X, should 
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be useful at 1255 K and possibly even up to 1366 K. But these superalloys, unfortunately, 
have relatively low creep strength at 1255 K. So the upper use temperature of these 
alloys is highly dependent on the design stress. 

At higher temperatures the more expensive ODS alloys may be required. The 
Ni-20Cr-t37pe ODS alloys exhibit sufficient resistance to hypervelocity- oxidizing condi- 
tions at temperatures up to 1477 K, and they have better creep strength than the super - 
alloys above ~ 1200 K. However, one of these alloys, TD-NiCr, definitely suffers 
microstructural damage during creep. This damage severely reduces subsequent ten- 
sile ductility. Such behavior could limit the usefulness of TD-NiCr in creep- type appli- 
cations. The Ni-16Cr-4Al-type ODS alloys are the most oxidization- resistant of the 
evaluated alloys. These alloys should be useful in thermal protection systems up to 
1477 K and possibly even higher. However, these alloys have lower creep strength than 
the Ni-20Cr-type ODS alloy in this temperature range. Also, one of the aluminum- 
modified ODS alloys, TD-NiCrAlY, exhibited some indications of creep degradation 
effects which could limit its usefulness. 

If the requirements for a metallic thermal protection include reasonable creep 
strength and residual tensile properties as well as resistance to cyclic- hyper velocity 
conditions between about 1255 K and 1477 K, a fine grain size aluminum modified ODS 
alloy such as TD-NiCrAl, would be a good choice. If a slightly higher creep strength is 
necessary, then ODS alloys possessing laminar microstructures similar to the DS-NiCr- 
type alloys should be adequate. Totally or partially large grain size ODS alloys, like 
TD-NiCr and TD-NiCrAlY, could also be used if design criteria is based on minimal 
(<0. 1 percent) creep deformation in order to retain full residual tensile properties. At 
lower temperatures up to about 1255 K, either of the two evaluated superalloys, Haynes 
Alloy 188 or Ifestelloy X, should be usable in thermal protection systems providing their 
creep strengths are adequate to meet operating conditions. 

Based on the results of this study, it appears that cyclic-elevated temperature- 
h 3 T>ervelocity oxidizing conditions expected in multiple reentry conditions should not 
present any special problems for the use of either superalloy or ODS alloy sheet 
material in thermal protection systems. In general, the usual creep- limiting criteria 
associated with the use of these alloys can be applied in designing thermal protection 
systems involving these alloys. However, it should be noted that some ODS alloys 
(those possessing a large grain size) suffer microstructural damage during creep, and 
this damage can severely reduce the tensile ductility. 
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CONCLUSIONS 


Superalloys and oxide dispersion strengthened alloys appear to be usable in thermal 
protection systems for hjrpervelocity reentry conditions providing that the design oper- 
ating conditions are matched to the normal limitations of these alloys. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, March 7, 1977, 

505-01. 


13 



APPENDIX A 


MECHANICAL PROPERTY DATA FOR OXIDE DISPERSION STRENGTHENED 
ALLOYS AND SUPERALLOYS AFTER PLASMA ARC TUNNEL EXPOSURE 

The room temperature tensile properties, elevated temperature tensile properties, 
elevated temperature creep properties, and room temperatxire residual tensile proper- 
ties for as-received and Plasma Arc Tunnel exposed TD-NiCr, DS-NiCr(I), DS-NiCr(II), 
TD-NiCrAl, TD-NiCrAlY, Haynes Alloy 188, and Hastelloy X are tabulated in tables VI 
to xn. Again it should be noted that all mechanical property tests were conducted in 
the transverse sheet direction which is generally thought to be weaker than the longi- 
tudinal (rolling) direction. Also, all the mechanical properties of Plasma Arc Tunnel 
exposed alloys were calculated on the basis of the average thickness of the Plasma Arc 
Tunnel samples prior to exposin' e. 
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APPENDIX B 


ADDITIONAL PLASMA ARC TUNNEL EXPOSURE OF DS-NiCr(I) 


During the initial phase of the Plasma Arc Tunnel (PAT) exposures, sample tem- 
peratures were monitored by spring loaded thermocouples instead of task welded ther- 
mocouples. In the course of PAT exposure, a large difference between the temperature 
of the sample as measured by means of the spring loaded thermocouples (low readings) 
and pyrometry (high readings) was observed. This lead to experiments (ref. 10) which 
established that spring loaded thermocouples were recording temperatures considerably 
below (~ 100 K) those recorded by tack welded thermocouples in the temperature range 
of interest. 

One set of DS-NiCr(I) samples were subjected to 40 cycles where spring load ther- 
mocouples were employed to record the temperature. On the basis of pyrometry it is 
estimated that these 40 cycles occurred at approximately 1477 K rather than the 1366 K 
monitored by the spring loaded thermocouples. Following the initial 40 cycles the 
spring loaded thermocouples were replaced by tack welded thermocouples, and an addi- 
tional 60 cycles at 1366 K were conducted. The characteristics of the exposed samples 
and metallc^raphic and alloy depletion data for these samples are as follows: 

Alloy: DS-NiCr(I) 


Exposure: 


40 cycles - 1477 K plus 60 cycles - 1366 K 


Average thickness, 
jum: 


Initial - 300 
Final - 343 


Color of exposed Velvet black and copper 

siirface : 


Phases on exposed Cu2Cr20^ 
surface : 


Thickness of uniform 
oxide, pm: 

Maximum depth of 
oxide pits into 
base metal, pm: 


PAT side - 3 
Back side - 1 

PAT side - 15 
Back side - 0 


Depth of Kirkendall 
porosity, pm: 


PAT side - 16 
Back side - 0 
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Cr depletion zone 
behind uniform 
oxide: 

Cr depletion zone 
behind oxide pits: 


PAT side - distance 75 pm; approximate substrate surface con- 
centration 12 percent 

Back side - distance 55 pm; approximate substrate surface con- 
centration 19 percent 

Distance 65 pm; approximate substrate svmface concentration 
15 percent 


As can be seen in table xni, this PAT exposure had no significant effect on the mechani- 
cal properties. 
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TABLE I. - NOMINAL COMPOSITIONS AND TfflCKNESS OF SHEET ALLOYS 


Material 

Composition, wt. % 

Thickness, cm 

TD-NiCr (Heat 3634) 

Ni-19. 8Cr-2. 15Th02 

0.025 

DS-NiCr(I) 

Ni-20Cr-1.9ThO2 

.025 

DS-NiCr(n) 

Ni-20Cr-1.9ThO2 

.037 

TD-NiCrAl (Heat 3740) 

Ni-16Cr-3.3Al-2Th02 

.037 

TD-NiCrAlY (Heat 3741) 

Ni- 16Cr- 3 . 4A1- 0. 2 Y- 2Th02 

. 037 

Hastelloy X 
(Heat 2600-9-4954) 

Ni-22Cr-18. 5Fe-9Mo-2. 5Co-0. 6W 

.037 

Haynes Alloy 188 
(Heat 1880-9-0150) 

Co- 22Cr- 22Ni- 14W- 1 . 5Fe- 0. 08La 



, 037 


TABLE n. - EXTERIOR FEATURES OF PLASMA ARC TUNNEL EXPOSED SAMPLES 


Material 

Exposure conditions 

Average thickness, fim 

Color of PAT ex- 

Oxide phases on PAT 



As-received 

As -exposed 

posed surface 

exposed surface 

TD-NiCr 

100 cycles - 1255 K 

280 

318 

Velvet black and 
copper 

NiO, Cu2Cr20^ 


100 cycles - 1366 K 

274 

292 

Velvet black and 
copper 

^^2 ^^2 ^4 


50 cycles - 1477 K 

283 

318 

Black and mottled 
green 

NiO, Cr20g, spinel 

DS-NiCr(I) 

100 cycles - 1366 K 

299 

327 

Velvet black and 
copper 

^^2 ^^2 ^4 

DS-NiCr(H) 

100 cycles - 1366 K 

412 

437 

Velvet black and 
copper 

^^2 ^^2^4 

TD-NiCrAl 

100 cycles - 1477 K 

387 

406 

Gray and scattered 
areas of black 

QJ-AI 2 O 2 , spinel 

TD-NiCrAlY 

100 cycles - 1477 K 

344 

368 

Gray and scattered 
areas of black 

Q?-Al 20 g, spinel 

Hastelloy X 

100 cycles - 1255 K 

415 

463 

Velvet black and 
grayish black 

NiO, spinel 

Haynes Alloy 188 

100 cycles - 1255 K 

362 

409 

Velvet black and 
touches of green 

spinel 


50 cycles - 1366 

404 

455 

Velvet black 

1 spinel, CoO 


®'Sii^le PAT sample. 
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TABLE m. - MICROSTRUCTURAL FEATURES ASSOCIATED WITH PLASMA ARC TUNNEL EXPOSURE 


[Average data from two metallographic specimens.] 


Alloy 

Exposure 

Thickness of uni- 

Maximum depth of 

Depth of Kirkendall 




form oxide. 

oxide pit(s ) into 

porosity. 




jum 

base metal, 

pm 




PAT side 

Back side 

pm 

PAT side 

Back side 

TD-NiCr 

100 cycles 

- 1255 K 

13 

7 

0 

13 

13 


100 cycles 

- 1366 K 

8 

3 

13 

43 

15 


50 cycles 

- 1477 K 

4 

1 

42 

80 

45 

DS-NiCr(I) 

100 cycles 

- 1366 K 

12 

1 

0 

16 

0 

DS-NiCr(n) 

100 cycles 

- 1366 K 

9 

1 

34 

20 

7 

TD-NiCrAl 

100 cycles 

- 1477 K 

3 

1 

0 

0 

0 

TD-NiCrAlY 

100 cycles 

- 1477 K 

3 

1 

0 

0 

0 

Hastelloy X 

100 cycles 

- 1255 K 

20 

2 

^15 

0 

0 

Ifeynes Alloy 188 

100 cycles 

- 1255 K 

10 

2 

^15 

0 

0 


50 cycles 

- 1366 K 

44 

3 

^25 

0 

0 


^Maximum depth of intergranular oxidation. 
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TABLE IV. - ALLOY DEPLETION OF PLASMA ARC TUNNEL EXPOSED MATERIALS 


Alloy 

Exposure 

Alloy depletion zones behind uniform oxide scale 

Depletion zone behind oxide pits 

Element(s) 

analyzed 

Distance, iJ.m 

Surface concentration, wt. % 

Distance, 

Mm 

Approximate substrate 
surface concentra- 
tion, 
wt. % 

PAT side 

Back side 

PAT side 

Back side 

TD-NiCr 

100 cycles - 1255 K 

Cr 

25 

15 

13 

16 

-- 

— 


100 cycles - 1366 K 

Cr 

70 

40 

12 

18 

55 

16 


50 cycles - 1477 K 

Cr 

105 

45 

10 

18 

80 

17 

DS-NiCr(I) 

100 cycles - 1366 K 

Cr 

85 

40 

8 

19 

-- 

— 

DS-NiCr(n) 

100 cycles - 1366 K 

Cr 

65 

40 

9 

16 

40 

12 

TD-NiCrAl 

100 cycles - 1477 K 

Cr/Al 

0 

0 

16/3. 3 

16/3.3 

— 

-- 

TD-NiCrAIY 

100 cycles - 1477 K 

Cr/Al 

0 

0 

16/3. 4 

16/3.4 

— 

-- 

Bastelloy X 

100 cycles - 1255 K 

Cr 

20 

15 

10 

15 

-- 

— 

Ha3mes Alloy 188 

100 cycles - 1255 K 

Cr/Ni 

20 

15 

14/27 

18/24 

— 

-- 


50 cycles - 1366 K 

Cr/Ni 

35 

20 

14/27 

19/24 

— 

-- 



TABLE V. - AVERAGE CREEP STRENGTHS OF TESTED ALLOYS (AVERAGE OVER 
AS-RECEIVED AND PLASMA ARC TUNNEL EXPOSED ALLOYS) 


[All tests transverse to sheet rolling direction.] 


Alloy 

Test temper- 




Stress, MPa 




ature, 










K 

6.9 

10.3 

13.8 

17.2 

20.7 

24. 1 

27.6 

34.5 



Average total plastic creep strain after 150 hours, 

percent 

TD-NiCr 

1366 

— 

— 


— 

0. 11 


0.19 

1.1 

DS-NiCr(I) 

1366 

— 

— 

0.15 

— 

0.22 


0.32 

— 

DS-NiCr(n) 

1366 

— 

— 

0.10 

— 

0.21 


0.16 

— 

TD-NiCrAl 

1366 

— 

0.13 


0.22 

— 

>10 

— 

— 

TD-NiCrAlY 

1366 

— 

0.17 

— 

0.26 

— 

0. 65 

— 

' — 

Haynes Alloy 188 

1255 

0.16 

0.31 

^6.0 

_____ 

— 


— 

— 

Hastelloy X 

1255 

0.15 

0.21 

0.27 

— 

— 


— 

— 


^ee table XI(c). 



TABLE VI. - MECHANICAL PROPERTIES OF AS-RECEIVED AND AS-EXPOSED TD-NiCr 


(a) Room temperature properties 


E^tPOSURE SYM80L 

A^-RECnVED 1 

\?Z CYCLrS-12?5 K 2 

ica CYCLes-i36e> k 3 

5C CYCLES-1477 K 4 


EYPOSURE 

D.02 PERCENT 

r,? PERCENT 

ultimate tensile 

ElONcation In 


YIEtO STRESS, 

YIELD STRESS, 

STRESS, 

2.5 CENTIMETERS 


hfgapascals 

HECAPASCALS 

MEGAPASCALS 

Percent 


1 

330 -0 

40*'. 5 

797.4 

16-0 

1 

29P. .7 

54C.4 

854.3 

10 .0 

1 

279.7 

545.7 

826.6 

9.0 

2 

567 .7 

658.3 

775.6 

13.0 

2 

466 .8 

546.0 

757 -6 

13. D 

3 

41D .6 

62’. 1 

741.9 

6.5 

3 

332 .7 

5C''.3 

BCO .C 

12. C 

4 

377,8 

587.3 

796*8 

11.1 

4 

4C 1 .1 

523.7 

777.6 

^6.5 



AVERAGE values 



1 

303 .1 

52*^ « 5 

°?6.2 

11.7 

2 

517 .2 

6C2.6 

766.6 

13. C 

3 

371 .6 

561.7 

771.2 

9.2 

4 

3fi9 .5 

555.1 

7P7.2 

a. 8 


3 , 

Fracture at region where very deep oxide penetration occurs. 


IN3 


TABLE VI. - Continued. 


(b) 1366 K tensile properties 


fyposuR’' SY^roL 

A^-RECCIVED I 

ICC CYCLCS-12'5 K ? 

CYCtr S>-13('b K 3 

CYCLES-1477 K 4 


rYposuPC 

n, rrcccNT 

''.r Pc'^CrNT 

ultimate TCkSIlC 

rLOMCAflON IN 


YlClb STRCsSf 

Yirtr STRE^.S, 

STRES^>, 

2.5 CENTIMcTcR 


Mr CSPflS^ALS 

''rr APA^^CALC 

MCCAPASTALS 

»"EPCCNT 


I 

55 .E 

62.3 

«2.3 

1.0 

1 

^5 «B 

QC 

95 .B 

i.c 

1 

7 5 .C 

7'^.P 

77.8 

1.0 

i 

ICl ,3 

1 *'« 4 . ’ 

124.3 

l.C 

r 

7C .0 

76,5 

p-:o 

.9 

i' 

7? ,C 

7? 

72.6 

.9 

7 

P3.3 


P3 .8 

.G 

7 

ei .2 


Rfc.6 

.o 

4 

27.9 

96.7 

'='7.7 

.9 

4 

57 .2 

1C7.T 

AVCPAGP VALUES 

1^7 .9 

.9 


i 

r : 

9-.1 

9j, 1 

1.2 

2 

?1 .5 

74,0 

76 .4 

« 9 

! 

r? .2 

86 . 1 

«6 .2 

.4 

M 

42 *6 

1C?.: 

122.5 

.9 



TABLE VI. - Continued. 


(c) 1366 K creep strength properties 


FXPOSUPF symbol 

AS-PrcrjvED 1 
la: CYCLrs-i?55 k 2 
IDT CYCLFS-1366 K 3 
‘‘C CVCUS“lt|77 K 4 


’^XPOSURF 

ELASTIC 

PL fiST I C 

■^T^E { HOURS J 

rfouired to 

CREEP strain 

total 

PLASTIC 

APPROXIMATE 


STRAIN 

STRAIN 

PROOUCE 

FOLLOWING 

END OF TEST 

CREEP 

STRAIN 

STEADY STATE 


ON LOADING, 

ON LOADI NG, 

strains 

IPCRCENT 1 

(150 HOURS), 

END OF TEST 

CREEP RATE, 


PERCENT 

PERCENT 



PERCENT 

(15G 

HOURS), 

1/SEcONO 




'^•1 D.2 

:,5 1.: 


PERCENT 






STRESS = 2C*7 MEGAPASCALS 




1 

• EIP 

.occ 

37.5 

.13 

.13 

,990-C 9 

1 


.030 

44.7 

.13 

.16 

.110-03 

1 

.E20 

• c:: 


,G 5 

.05 

.460-09 

2 

.-10 

.010 

70.3 

,16 

.17 

.890-09 

2 

.''10 

.OIC 


.39 

.i: 

.110-C8 

3 

,ric 

.cic 


.07 

.L'8 

• 690-09 

3 

• "20 

• D20 

20. 0 

*11 

.13 

.35D-C9 

4 

.010 

.C15 


.07 

.0 8 

.530 -09 

4 

.:i5 

.015 


,04 

• 06 

< .30D-C9 




STRESS n 27.6 ME^^APASCALS 




1 

.^4: 

•0*»0 

46*5 74.6 

.42 

.46 

•680-08 

1 

.040 

.op: 

42.7 70.1 

• 24 

.32 

• 860-C8 

\ 

, 110 

.043 

16,3 84.2 

.24 

.28 

•280-C8 

7 

.04 5 

.003 

131.0 

.15 

.15 

< .300-09 

2 

. C25 

.COD 


• 07 

.07 

< .300-09 

3 

.^40 

.030 

3C.9 

*11 

.11 

< .300-09 

3 

. :40 

•One 

25.8 

.13 

.13 

< .300-09 

4 

.P50 

*010 

140.1 

.11 

*12 

.160-08 

4 

.020 

.035 


.07 

.0 7 

.970-C9 




STRESS = 34*5 MEGAPASCALS 




1 

.^30 

.C4C 

2.4 17,8 85,4 

.89 

.93 

.130-07 

1 

• '9C 

.250 

.3 .8 2.6 IIP. 8 

1 .08 

1.23 

.690-08 

1 

.^70 


•1 ,2 14,1 130.1 

1 .02 

I.IC 

• 6 30 “0 8 


IS3 

tn 



CO 

o:> 


TABLE VI. - Concluded. 


(d) Room temperature residual tensile properties after creep testing at 1366 K 


plasma arc tunnll symbol 

EXPOSURE 

AS RECEIVED 1 

IDC CVClES-1^55 K 2 

IDD rYrLFS-1166 K 3 

5C CYCLES-1477 K 4 


EXPOSURE 


PRIOR 

CREEP HISTORY 


RESIDUAL 

Tensile properties 


STREsSt 

TIME, 

CREEP strain. 

TOTAL PLASTIC 

0,2 percent 

ULTIMATE ELONGATION 


megapascals 

HOURS 

PERCENT 

creep STRAIN, 
PERCENT 

YIELD STRESS, 
MEGAPASCALS 

TENSILE STRESS, PERCENT 

MEGAPASCALS 


1 

NOT 

CREEP 

TESTED 

487.1 

791.7 

IG.O 

1 

NOT 

creep 

tested 

540.2 

854.4 

10. C 

1 

NOT 

CREEP 

TESTED 

546.4 

826.8 

9.G 

2 

MOT 

creep 

Tested 

661.4 

779.3 

13.0 

2 

MOT 

CREEP 

TESTED 

549.1 

761.3 

13.0 

3 

NOT 

CREEP 

TESTED 

625.6 

745.5 

6.5 

3 

MOT 

cReep 

TESTED 

502.3 

803.4 

12. C 

4 

NOT 

creep 

TESTED 

587.0 

796.5 

11.1 

4 

NOT 

CREEP 

tested 

523.0 

777 .9 



1 

20.7 

isr.Q 

.13 

• 16 

562.2 

779.3 

10.2 

1 

20.7 

15^.0 

.05 

.05 

556.0 

758.6 

I’.O 

2 

20 .7 

15r.D 

.16 

.17 

590.5 

667.6 


2 

20.7 

150. 0 

.09 

.10 

596.0 

680.7 

b.9 

3 

20 .7 

15C.0 

.07 

.08 

537.4 

622.2 

b.9 

3 

20.7 

150.0 

• 11 

.13 

541.6 

638.7 

b2.8 

4 

20.7 

153.0 

.07 

.09 

5C5.0 

516.1 

t>.9 

4 

20 .7 

15C.0 

.04 

• 06 

496.1 

553.3 

bl.9 


1 

27.6 

15C.0 

.24 

.32 

540.9 

683.5 

•^2.8 

1 

27 .6 

150.0 

.24 

.28 

516.7 

686.2 

^3.7 

2 

27.6 

15C.0 

.15 

.15 

457.5 

458.9 


2 

27.6 

isr.o 

.07 

.07 

573.9 

605.6 

h.G 

3 

27.6 

15D-C 

.11 

• 11 

612.1 

650.6 


3 

27.6 

153.3 

.13 

.13 

645.8 

770.4 


4 

27.6 

150.0 

.11 

.12 

557.1 

621.9 


4 

27.6 

15C.0 

.07 

.07 

.0 

533.9 

bi.o 

1 

34 .4 

150.0 

1.08 

1.23 

494.7 

494.7 

b.9 


^Fracture at region where very deep oxide penetration occurs. 
^Creep damaged. 

^Out of gage failure. 



TABLE VII. - MECHANICAL PROPERTIES OF AS -RECEIVED AND PLASMA ARC TUNNEL 


EXPOSED DS-NiCr(I) 


(a) Room temperature tensile properties 


A vfo 1 

l-'l CvCLr‘--i7f6 ^ ^ 


r XPOSU'^ r 

D.^7 RCPCfr^T 

*^.r rrDcr\T 

ULTTKATF TtNSTLr 

rLONCATICN I'i 


YirLO STRfSS, 

V I f L r-, •' T r c c, r ^ 

5TDCSS , 

P.': CC^nlHrTfRS 


MrrAPASCALS 

M r r A T’ A C A L 9 

Kf CAPA5CALS 

PCRCINT 

1 


6 3^.^ 

788.6 

15.7 

1 

f 1*8 -4 

bp -' . 1 

849,5 

13-9 

1 

4 97 ,8 

f 

8 6 2.5 

16.7 

1 

S 2 , 3 

f r. . s 

823-1 

13.9 

2 

2P2 .5 

6, 8 4 . 1 

844 .6 

13.9 



AVfpACr VALUfs 


1 

9^6-3 

654 

B3C .9 

1 s ,c 

2 

2 >•> 2 . 5 

6B4 . 1 

<^1^4 . 6 

1 3.9 



(b) 1366 K tensile properties 



C vPn 

^Up*" sy^^pol 



A vrn : 




I'^z. CVCLES-13^6 K 2 



r^cPOSL'Rt 

G. 2? rr pcfNT 

2.7 PpPCrNT 

UL TIMATC TfNSTLr 

rLONTATlON IN 


vrrLo STRrss, 

YITlD STRtSSf 

STRCSS , 

2.5 CFNTlHpTrRS 


M F f, A P A c, r A L 5 

^'CTAPA^CALf 

wrr APASCALS 

PCRCrNT 

1 

sr .s 

8P , 8 

lQ^-2 

3.7 

1 

f^G .3 

8? 

1 1 Q , 1 

2.7 

1 

G4 .5 

75.4 

113.4 

1.3 

2 

22.5 

B3 .5 

113.3 

1.9 

? 

^3.6 

83.7 

1 :i 8 . 1 

.9 



AVFPAGF VALUrS 


1 

•^5 .7 

7^^ .6 

109.6 

2.6 

2 

2 8 ,r 

8 3.6 

110.7 

1 .4 


27 



DO 

00 


TABLE VII. - Continued. 


(c) 1366 K creep strength properties 


rXPOSUPE SVMPOL 

AS-RTcnVEO I 

lor rYCLFS-1366 K 2 


rXPOSURE 

el AST7C 

PL AST I C 

TIME (HOURS ) 

REQUIRED TO 

CREEP strain 

total plastic 

APPRoXiHATE 


STR AIN 

strain 

PRODUCE 

FOLLOWING 

END OF TEST 

CREEP STRAIN 

STEADY STATE 


ON LOaOTNC, 
PERTENT 

ON LOADING, 
PCnCPNT 

STRAINS 
n.i 0,2 

(PERCENT ) 

0.5 1.0 

(150 HOURs»f 
PERCENT 

END OF TEST 
(150 HOURS), 
PERCENT 

CREEP Rate, 
1/SECOND 





STRESS = 13.8 megapascals 




1 

."lO 

• o 0 0 

9.1 134.2 

.26 

.26 

< .3D0-Q9 

1 

. "10 

.030 


.08 

,ca 

.880-09 

1 

.-05 

.034 

145.1 

• 11 

.11 

< .30Q-C9 




STRESS - 20.7 MEGAPASCALS 




1 


-OIC 

64 . 3 

.14 

.15 

< .300-C9 

1 

."10 

.c?c 

0.2 55.0 

.30 

.32 

< .3Q0-D9 

1 

.020 

.04: 

C.l 9,8 

.33 

.37 

< .300-09 

3 

. "3C 

• Die 

l'^6. 

.14 

.15 

.850-09 

2 

.ri^ 

.013 

19.5 

.11 

.12 

< .300-09 




STRESS = 27-6 MEGAPASCALS 




1 

.-30 

.073 

20. fa 

.17 

.24 

.130-08 

1 

. "20 

.040 

12. C 127.0 

.24 

.28 

•150-06 

1 

."3C 

• 3 S 3 

77.5 

.14 

.19 

.190 -0 8 

2 

. "60 

.190 

1.8 'J.S 

.33 

.54 

.130-08 

2 

.^60 

.020 

4.1 16.2 

.33 

.35 

.900-09 


i 



TABLE VH. - Concluded, 


(d) Room temperature residual tensile properties after creep testing at 1366 K 


PLASMA APC tunnel SYMPOL 

rxPoSupE 

AS REcFIVeH 1 

ICD CYCLfS-1366 K Z 


rxposupf 


ppjOP 

C^’EEP history 


PESInUAL 

tensile properties 


stress f 

TIME, 

CREEP strain. 

TOTAL PLASTIC 

C.? PERCENT 

ULTIMATE ELONGATION 


HEGflPAScALS 

HOURS 

PEPCEfgT 

Creep strain, 
PERCENT 

yield stress, 
megapascals 

TENSILE STRESS, PERCENT 

WEGApAsCALS 


1 

NOT 

cr^ep 

TESTED 

632. £ 

786.8 

15.7 

1 

NOT 

creep 

TESTED 

68C .7 

851.6 

13.9 

1 

NOT 

CREEP 

TESTED 

649,7 

861.2 

16.7 

1 

NOT 

CREEP 

TEsTfO 

654 .5 

821,3 

13.9 

2 

NOT 

CREEP 

TESTED 

684.2 

894.3 

13*9 


1 

13 *e 

150.3 

.26 

.26 

649.7 

863.3 

14-8 

1 

13 .8 

153.3 

.08 

.08 

608-3 

873.2 

15.7 

1 

13.8 

15C.D 

• 11 

.11 

618,7 

776.5 

13.9 


1 

20-7 

150.0 

.14 

.15 

574.6 

627. c 

^1-9 

1 

20,7 

150.3 

.30 

.32 

564.3 

717-9 

6.5 

1 

23.7 

153. C 

.33 

.37 

524.3 

694.5 

11.1 

2 

2C .7 

153.3 

.14 

.15 

619,6 

787. r 


2 

2C -7 

153.0 

.11 

.12 

722.7 

841,5 

^6.5 


1 

27.6 

150.3 

.17 

.24 

575.3 

768,9 

13. C 

1 

2 7 ,6 

153.0 

.24 

.28 

571.2 

722.1 

be. 5 

1 

27 .6 

153.0 

.14 

• 19 

582.2 

733.8 

1C. 2 

2 

27 .6 

153.0 

.33 

.52 

711 .7 

894. C 

12. r 

2 

27 .6 

isr.o 

.33 

.35 

731. t 

812,5 

^2.8 


^Fracture at region where creep extensometer attached, local oxidation visible. 
^Out of gage failure. 

^Creep damaged. 



CO 
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TABLE Vm, - MECHANICAL PROPERTIES OF AS -RECEIVED AND PLASMA ARC TUNNEL 


EXPOSED DS-NiCr(II) 

(a) Room temperature tensile properties 

rxPOSUpr SYHPOL 

cn Vco 1 

iCo CYCLCS-1366 K 2 


exposure 

3.0? percent 

0.2 PERCENT 

ultimate tensile 

clontation in 


yield stress* 

YIELD STRESS* 

STRESS* 

2.5 CEM1MET''RS 


megapascals 

MEGApAsCALS 

MEGAPASCALS 

PERCENT 


1 

77 .2 

3G3.9 

68fa .7 

17,6 

1 

183 .9 

343.9 

671.9 

15.7 

1 

IE 1 .3 

333.3 

696.8 

15.7 

1 

952 

9B9 .? 

663.6 

19.E 

2 

338 .9 

958 .? 

633 .9 

18 ,E 

2 

931 .a 

999,? 

711 .5 

la. 5 



Average values 



1 

217 .6 

36f . 1 

6fc7.2 

17.9 

2 

385.3 

97« .7 

673.9 

1 p . r 


(b) 1366 K tensile properties 


EypOSURl SYMPOL 

AS-RECETVFD 1 

irc CYCLCS-1366 K 2 


EXPOSURE 

o.c? eepcent 

C.2 percent 

ULTIMATE tensile 

ELCNr-ATION 1'. 


YIELD STRESS, 

yield stress* 

STRESS* 

2.5 CENT I ME T^ 


MEGAPASCALS 

megapascals 

MEGAPASCALS 

percent 


1 

79.3 

100.5 

115.0 

9 .6 

1 

63 .9 

89.8 

112.7 

6.5 

1 

77 .9 

IZ'?, 2 

113.2 

9 .6 

2 

64 .7 

94.7 

129.3 

1 .9 

2 

36 .2 

90.1 

n 0 . 3 

2.e 



A VEPAGE VALUE S 




12 .7 


9 ? 


113.6 


S.2 


n9.^ 



TABLE Vin. - Continued. 

(c) 1366 K creep strength properties 


FXPOSURE SYMBOL 

AS-PEcFIVED 1 

100 CyClES-1366 K 2 


EXPOSURE 

ELASTIC 

PLASTIC 

tine ihoursi required to 

CREEP strain 

total PLASTIC 

APPROXIMATE 


STRAIN 

STRAIN 

PRODUCE FOLLOWING 

End of test 

CREEP STRAIN 

STEADY STATE 


ON LOADlNGt 
PERCENT 

ON LOADING, 
PERCENT 

STRAINS CPERCENTI 
n,l 0.2 0.5 l.C 

(150 HOURSI, 
PERCENT 

END OF test 
1150 HOURSI, 
PERCENT 

CREEP rate, 
1/SEcOND 





STRESS r 13.8 MEGAPASCALS 




1 

• CD5 

*020 

26.8 

• 16 

• 18 

< .300-C9 

1 

.030 

•320 


.03 

.0 3 

< .3C0-C9 

1 

• ri5 

.000 


.09 

.09 

< .300-09 




STRESS = 20.7 MEGAPASCALS 




1 

.C3D 

•02Q 

7*0 

.19 

.21 

< .3CC-C9 

1 


.DM0 

l.B 

• IM 

.18 

• 440-C9 

1 

.^20 

.020 

2.1 5.2 

.42 

• 44 

< .30Q-C9 

2 

.005 

.010 

25.8 

.16 

.17 

< .3C0-C9 

2 

% 06 D 

.Die 


.05 

• C6 

< .300-39 




STRESS :: 27.6 MEGAPASCALS 




1 

. 030 

.02C 

12.5 

• 11 

• 13 

< .300-39 

1 

.020 

.020 

14. M 56.9 

.24 

.26 

.650-0 9 

1 

.C20 

.020 


.08 

.IG 

.2D0-C8 

2 

•ro*^ 

.060 


• 06 

.12 

< .300-C9 

2 

. -“DO 

.C3C 

101*C 

.14 

.17 

< .3C0-E9 


GO 



TABLE Vm. - Concluded. 


(d) Room temperature residual tensile properties after creep testir^ at 1366 K 


PL^SWA APC TUNNEL SYMBOL 

rXPOSURE 

AS RrCEIVED 1 

100 CYCLTS-nce K 2 


EXPOSURE 


PRIOR 

CREEP HISTORY 


RESIDUAL 

TENSILE PROPERTIES 


stress , 

Tl*-E, 

Creep strain. 

TOTAL PLASTIC 

0.2 PERCENT 

ultimate: elongation 


MEGAPASCALS 

HOURS 

PERCENT 

CREEP STRAIN, 
PERCENT 

YIrLD STRESS, 
MEGAPASCALS 

tensile STRESSt PERCENT 

MEGAPASCALS 


1 

NOT 

CREEP 

TESTED 

3C3.2 

684.9 

17.6 

1 

NOT 

CREEP 

TESTED 

3B2.4 

673.4 

16.7 

1 

NOT 

CREEP 

tested 

333*5 

647.0 

15.7 

1 

NOT 

CREEP 

TESTED 

483.7 

662.8 

l9*S 

2 

NOT 

CREEP 

tested 

459.6 

632.5 

1C. 5 

2 

NOT 

CREEP 

TESTED 

498 .8 

711. C 

ie.5 


1 

13 .8 

1 5 0* 0 

• 16 

• 16 

517.4 

722.8 

2C.4 

1 

13.8 

150.0 

.03 

.D3 

483.7 

716.6 

18.5 

1 

13 .8 

15D.0 

.09 

*09 

434.1 

639.4 

19.4 


1 

2 0 .7 

150.0 

.19 

.21 

447.8 

627.7 

IC .2 

1 

?Q .7 

150.0 

.14 

• 18 

449 .9 

657.3 

16.7 

1 

20 .7 

150.0 

.42 

.44 

429.2 

652.5 

18.5 

2 

20.7 

150. 0 

• 16 

.17 

482.3 

673.3 

13.9 

2 

2D .7 

150.3 

• 05 

.06 

471.3 

651.4 

13.0 


1 

27 .6 

150,0 

• 11 

.13 

434.8 

651.8 

14.4 

1 

27 .6 

150.0 

.24 

.26 

442.3 

650. 4 

^15.7 

1 

27.6 

150.0 

.08 

.10 

456,1 

651.8 

^13.0 

2 

2 7 .6 

150.0 

• 06 

.12 

472.2 

656. C 

13. C 

2 

2 7.6 

150.D 

• 14 

.17 

479.5 

662.4 

12. C 


\)ut of gage failure, 


TABLE IX. - MECHANICAL PROPERTIES OF AS-RECEIVED AND PLASMA ARC TUNNEL 


EXPOSED TD-NiCrAl 
(a) Room temperature tensile properties 


cvposupr stMpoL 

As-pEcnycn 1 

ICC CyCLCS“1m*^7 K 2 


CXPOSURp 

D.cr pfpccny 

PEPCTM 

ULTIMATC TENSILf 

elongation in 


YTFLD STRCSSt 

VIpLD stress. 

STRESS, 

C.S rENTIMETERS 


MpGAPfiSCALS 

mEC ApA$CALS 

MEGAPASCALS 

PERCENT 


1 


614.1 

867.6 

a .c 

1 

49 3 .e 

586.8 

S57»5 

13. c 

2 

21?. 6 

523.0 

74C.2 

12. C 

2 

521 ,e 

62P.1 

92S»B 

12. G 



AVERAGE Values 



1 

487 .9 

sen. 5 

862*6 

10.5 

2 

367 .2 

576.^ 

P33.Q 

12.G 


(b) 1366 K tensile properties 


pXPOSURr StwncL 


A^-ppcrivcD 1 

ICC CYCLES-1477 K 2 


EXPOSURE 

0.0? PERCENT 

"^.2 PERC»^NT 

ultimate tensile 

elongation in 


YIELD STRESS, 

YIELD stress. 

stress. 

2,5 centimeters 


megapascals 

megapascals 

megapascals 

PERCENT 


1 

23,2 

67.0 

83.9 

2.D 

1 

14 .6 

51.3 

B1 .7 

l.C 

1 

19.5 

5C.7 

81 ,C 

1.0 

2 

4C .7 

70.9 

92.5 

1.9 

2 

26 .2 

57*6 

6 4.5 

.9 



AVERAGE Values 




1 

19.1 

56.5 

B2.2 

1.3 

L 

33 .4 

68 .7 

P8 .5 

1.4 



to 

> 4 ^ 


TABLE DC. - Continued. 


(c) 1366 K creep strength properties 


rxPOSUPE SXM90L 

AS-RFCCI VED 1 

IDC ryCLTS-ln?? K 2 


tXP05Ur?r 

elastic 

PL -STIC 

Time <hours> 

RECulREO TO 

CREEP STRAIN 

total PLASTIC 

APPROXIMATE 


STRAIN 

STRAIN 

PRODUCE 

FOLLOWING 

END or TEST 

CREEP STRAIN 

STEADY STATE 


ON LOAOl Nn, 
PER TENT 

ON LOAPi UG , 

PERCENT 

STRAINS 
2.1 2.2 

CPERCENTI 
0.5 1.0 

(150 HOURSIt 
PERCENT 

END OF TEST 
(15C HOURS), 
PERCENT 

CREEP rate, 
1/SEcONd 





STPCSS = 13 

.3 MEGAPASCALS 




1 

.^^20 

-010 

P 5 . C 


.IG 

• 11 

< .3G0-C9 

1 

.020 

.□10 

13. G 


.14 

.15 

< .300-09 

i 

. 030 

-C2c 

76.0 


.1? 

.14 

< .300 -1: 9 

2 

. Cln 

• CIO 



.04 

.05 

< .300-C9 

2 

.^25 

.0 2 5 

51 .G 


.16 

.IR 

< .3D0-C9 




STRESS 17 

.? MEGAPASCALS 




1 

.:3c 

.010 

IC.8 130.7 


.24 

•25 

< ,300-09 

1 

.020 

.000 

0.1 2. 


.36 

.36 

.690-G9 

1 

.020 

-COD 

8.C 


.19 

.19 

< .300-09 

2 

.C2o 

.020 

IQ.G 


.15 

.17 

< .300-09 

2 

.020 

.010 

fll.3 


.11 

• 12 

< .300-09 




STRESS □ 2k 

.1 MEGAPASCALS 




1 

. ^5o 

.COD 

0.1 0.4 

1.9 6.4 

6.70 

6.7c 

.350-CR 

1 

. :so 

.C23 

C.2 0.4 

B.9 23.7 

17. 1C 

17. IG 

.930-07 

1 

. 230 

• D<4C 

0.2 ^.5 

14. D 27.0 

20. 7D 

20.70 

.110-06 



TABLE IX. - Concluded. 


(d) Room temperature residual tensile properties after creep testing at 1366 K 


plasma AoC tunnel symbol 

rxposucc 

AS prcrivto i 

IGC CYCLFS-1H77 K .? 


XPOSUPF 


PPlOP 

CPEFP history 


residual 

Tensile properties 


stress. 

TIME, 

CREEP STRAIN, 

total plastic 

n.? percent 

ultimate elongation 


MEGAPASCALS 

HOURS 

PCRCFNT 

CREEP STPATh, 
PERCENT 

YIELD STRESS, 
MCCaPaScALS 

TENSILE STRESS, PERCENT 

MEGAPASCAtS 


1 

NOT 

CREEP 

tested 

613.9 

66R.1 

p.c 

1 

NOT 

CREEP 

TESTED 

582.? 

651.6 

13.0 

2 

NOT 

CREEP 

tested 

525.7 

7<»2.7 

12.C 

? 

NOT 

CREEP 

tested 

651.1 

928,8 

12. G 


1 

10 .3 

15D.C 

• n 

• 11 

698. C 

P37.7 

11.1 

1 

1C .3 

150.: 

.19 

.15 

636.6 

93''. 8 

9.? 

1 

1C .3 

150. 0 

.12 

.19 

699 .2 

937.: 

ll.I 

2 

lu .3 

IS^'.O 

.39 

.05 

6S7.9 

688,1 

9.3 

? 

1C .3 

157.0 

.16 

.1 fi 

751.0 

932.7 

7.9 


1 

17.2 

15-.3 

.36 

.36 

659.9 

943.2 

9.'’ 

1 

17.2 

150. C 

.19 

.19 

599.1 

749.6 

^1.9 

2 

17 .2 

ISn,? 

.15 

.17 

6C7.C 

82C.6 

I-** 

2 

17.2 

150.0 

.11 

.12 

.0 

389.3 



^Failed at region where extensometer attached. 
^Failed at spot weld. 
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TABLE X. - MECHANICAL PROPERTIES OF AS -RECEIVED AND PLASMA ARC TUNNEL 

EXPOSED TD-NiCrAlY 
(a) Room temperature tensile properties 

CXPOSURE SY»«'=OL 

ft S-RECETVFO 1 

irc CYCLEc-1477 k ? 


f XPOSURf 

C,C2 PERCENT 

PEpCENt 

ULTIMATE TENSILE 

FLONEATION IN 


YIELD STRESS, 

YIELD STRESS, 

STRE SS , 

2,5 CENTIMETERS 


ME GAPASCftLS 

MEEAPftScftLS 

MEHAPASCAlS 

PERCENT 


1 

42S .7 

553 . 

? 63 • 4 

9.D 

1 

424 .7 

5ir .7 

589.7 

9 .C 

1 

351 .8 

47‘^.3 

P 5 6 • 6 

13. Q 

1 

310 .5 

486.1 

P55 .8 

10 .0 

1 

455.6 

554.6 

9CD .9 

11.0 

2 

191 .3 

3S8 

669.7 

11.1 

*7 

345 .7 

5D« .8 

6 0 3 . 8 

^6.5 



AVERAGE VALUES 



1 

393.7 

515.5 

5 72.7 

9.8 

? 

268 .5 

433* ft 

676.8 

a .8 


^Failed at spot weld. 



TABLE X. - Continued. 

(b) 1366 K tensile properties 

r XPOSURF SYP^POL 

AS-RFCEIVETD 1 

l^C CYCLfS>m77 K 2 


FXPOSURC 

C-C2 PFRCENT 

?.? PERCENT 

ULTIMATE tensile 

Elongation in 


tIcLD STRfSr, 

Yield sTREsst 

STRESS, 

2.5 centimeters, 


MEGAPASCALS 

megapascals 

MEF>aRASCALS 

PERCENT 


1 

37.7 

6E .2 

B6.5 

l.G 

1 

41.1 

G2.3 

83-6 

i.c 

1 

23.9 

63.9 

91.9 

1.0 

2 

44 .7 

BY. 5 

92-5 

.9 

7 

25 .? 

7S.9 

113.3 

2.8 



AVERAGE VALDES 




1 

34 .2 

64.2 

87.3 

I.C. 

2 

TE .2 

PI .Y 

1 C 2 . 9 

1.8 


CO 


w> 

00 


TABLE X. - Continued. 

(c) 1366 K creep strength properties 


rxposuoc Symbol 

A5-RrcnvED 1 

izz ryCLrs-i*»77 k z 


rxposuj^f 

ELASTIC 

PLASTIC 

TIMc. ( HOURS 1 

PFCUlPED To 

Creep strain 

total PLASTIC 

APPROXIHATF 


STR riM 

S TPAIN 

PRODUCE 

FOLLOWING 

END or TEST 

CREEP STRAIN 

STEADY STATE 


ON LOADING, 
PER CENT 

ON LOADING, 
PERCENT 

STRAINS 
^.1 0.2 

iPERcENT ) 

0.5 1.0 

(15'' MOURSI, 
PERCENT 

end of test 

(15C HOURS), 
PERCENT 

CREEP RATE, 
1/SECOND 





STRESS = 1C*3 megapascals 




1 

. '"4D 

.CIC 

130.3 

.12 

.13 

.19Q-C8 

1 

. f20 

.033 

6.7 57.2 

.26 

.29 

< .300-09 

1 

. 720 


6-1 14.5 

.33 

.36 

< .3CD-C9 

2 

. ros 

.OCO 


.C3 

.33 

.400-C9 

2 

, ''OS 

.C33 


.0 3 

.03 

< .3C0-C9 




STRESS - 17.2 Mcr, APASCALS 




1 

.-30 

•ODD 

O.S 17.0 

.42 

.42 

.350-U9 

1 

.-3P 

.QSr 

0.1 C.4 

.33 

• 3P 

•56D-C9 

1 

.C3C 

•C^3 

C . 1 5.3 

.24 

.26 

< .300-C9 

2 

.'•3C 

.coc 

96. C 

.11 

.14 

.170-08 

7 


.315 

l'»7.5 

.10 

.11 

< .30C-C9 




STRESS - 24.1 MEGAPASCALS 




I 

.r2c 

• C9C 

0.3 7.5 

.34 

.43 

.24C-C8 

1 

. CSC 

,D40 

0.1 :-.2 IOC. 3 

.83 

.87 

.570-C8 

1 

. "6F 

.373 

0.3 1.0 156.0 

.5P 

.65 

• 61C-C8 



TABLE X. - Concluded. 


(d) Room temperature residual tensile properties after creep testing at 1366 K 


apc tunnel SYMFOl 

rxposupc 

AS Rrc^’IVEP 1 

IOC CYCLrs-1^77 K 2 


rXPOSUPE pPIOR CPFFP HISTORY RCS1*^UAL TENSILE PROPERTIES 


STR^'SS , 

TIMEt 

CREEP strain. 

TOTAL PLASTIC 

c.? percent 

ULTT‘<Mr ELONGATION 

MEGAPASCALS 

HOURS 

PERCENT 

CREEP STRAIN, 
PERCENT 

YlfLP STRESS, 
“ETaPaScALS 

TENSILE STRESS, PERCENT 

MEGAPASCALS 


1 

NOT 

CREEP 

TESTED 

553.3 

861.2 

9.C 

1 

NOT 

CRREP 

TESTED 

511.9 

892.3 

9.C 

1 

NOT 

CREEP 

TESTED 

473.3 

858.5 

IG.D 

1 

NOT 

Creep 

TESTED 

485.7 

855.7 

IG.C 

1 

NOT 

creep 

Tested 

554.6 

9C1.2 

11. C 

? 

NOT 

CREEP 

TESTED 

360.3 

672,5 

^6.5 

2 

NOT 

CREEP 

tested 

531 .? 

686.2 


X 

10 .3 

15". D 

•12 

.13 

673 .9 

936.4 

^•3 

1 

1C .3 

150.0 

.26 

.29 

624.2 

929.5 

1C. 2 

1 

10.3 

150.0 

.33 

• 3 6 

575.3 

90f.9' 

^6.5 

2 

10 .3 

lSc.3 

.03 

.03 

628.5 

745.3 

b3.7 

2 

1C .3 

150. C 

.03 

.C3 

667.8 

915.6 

1C. 2 


1 

n .2 

15C.C 

.33 

.38 

546,4 

960.5 

1C. 2 

X 

17.2 

150.0 

• 2A 

.26 

613.2 

914.3 

7.4 

2 

17.2 

15C.0 

.11 

.14 

631.1 

8e,0.9 

6.3 

2 

17.2 

150.0 

.10 

.11 

659.1 

683.8 

4.6 


1 

24 .1 

150.0 

.34 

.43 

55C.5 

649.7 

^.9 

1 

24 .1 

150.0 

.83 

.87 

430.6 

957.0 

7.4 

1 

24 .1 

IS'-.O 

.58 

.65 

527.1 

717. R 

bi.9 


bailed at spot weld. 
^Creep damaged. 


CO 



o 


TABLE XI. - MECHANICAL PROPERTIES OF AS-RECEIVED AND PLASMA ARC TUNNEL 

EXPOSED HAYNES ALLOY 188 


(a) Room temperature tensile properties 


FVPOSUPf SYMPO|_ 

A»,-RFCCTVFO 1 

CYCLrc-I2F5 K 2 

S: CYCLFS-l^FF K 3 


fXPOStlPE 

D.cr PEPCFNT 

-.,2 PCRCFNT 

ultimatf TENSTLF 

FLOhrATION IN 


YTCLD STRFSS, 

YIFLD STPeSS, 

STRESS* 

2.S centimfifr 


KFGAPASCaLS 

WEFAPA^^CALS 

HFGApAsCALS 

PEPCt NT 


1 

3 5C . 5 

493.5 

950.0 

47.0 

1 

325.2 

625.6 

918.8 

47.0 

1 

219. Q 

432.3 

944 *6 

46 .0 

1 

298 .6 

447.4 

PB9.3 

46.0 

1 

266 .6 

44P.D 

937.1 

5C.0 

2 

343.3 

438 .4 

R99 ,5 

39. B 

? 

341 .2 

446.7 

899.5 

40,7 

3 

325 .C 

396.0 

773.3 

38.9 

3 

279 .C 

398.9 

773.7 

47.2 



AVERAGE VALLirs 



1 

292 .0 

467.7 

928.0 

47.2 

2 

342 .2 

442.5 

899.5 

4C.2 

7 

3C2 *C 

397.5 

773.5 

43.0 



TABLE XI. - Continued. 


(b) 1255 K tensile properties 


EypOSURF SYPPOL 

AS-RECCIVCD 1 
ICC CYCLES-1255 K 2 
5C CYCLFS-1366 H 3 


rxpo si'pr 

2.C2 PCOCENT 

n.7 PERCENT 

ULTIMATE TeNSTLc 

elongation IM 


YIELD STRESS, 

YIELD stress. 

STRESS, 

2.5 centimeters 


MEGAPASCALS 

MEGAPASCALS 

MEGAPASCALS 

PERCENT 


1 

?R.l 

95.6 

168.1 

21.8 

1 

GM .6 

106.6 

167.3 

20.0 

1 

t*9 .1 

90.3 

159. D 

23. C 

1. 

PP .2 

130.5 

187 .4 

24. C 

O 

59 .3 

107.7 

192.4 

25.9 

7 

55 ,4 

95.0 

163.8 

16.7 



AVERAGE VALUES 




1 

4 7,6 

1Q0.2 

1 6 4 . fa 

21.6 


7^.8 

11''. 1 

1F9.9 

2S.C 

i 

5 .4 

9*^ 

1 6 3 . 9 

16.7 


to 


TABLE XI. - Continued. 

(c) 1255 K creep strength properties 


rxposupr symbol 

AS-RLCEIVEO 1 
100 CYCtFS-l?55 K 2 
50 CYCLES-1366 K 3 


''XPOSUPf 

ELASTIC 

PLASTIC 

time ihoursi required to 

CREEP STRAIN 

TOTAL PLASTIC 

approximate 


STR AIN 

strain 

PRODUCE rOLLOwING 

END or TEST 

CREEP STRAIN 

STEADY STATE 


ON LOADING, 
PERCENT 

ON LOADING, 
PERCENT 

STRAINS CPERCENT) 

0.2 D.5 l.G 

<15C HOURS), 
PERCENT 

END or TEST 
U5C HOURSI, 
PERCENT 

CREEP RATE, 
1/SECONO 





STRESS = 6.9 MEGAPASCALS 




1 

.G05 

.00 5 

74.6 

.13 

.13 

•140-08 

1 

.C05 

.035 

121.8 

.16 

• 16 

• 140-0 8 

1 


.005 

143.2 

.10 

.10 

< .300-09 

2 

.P05 

.035 

5.1 33. D 

.26 

•26 

.500-C9 

2 

. no 

.010 

7.9 

.16 

.17 

< .300-09 

3 

.020 

.030 

7.1 

.16 

.16 

< .300-09 




STRESS = 1C. 3 MEGAPASCALS 




1 

.rao 

.010 

72.2 11’^. 0 

.41 

.42 

.490-08 

1 

. 120 

.010 

14.6 64.0 119.7 

.77 

.78 

.56q-c8 

1 

.'■50 

.DID 

59. u 109.0 

.42 

• 43 

.600-08 

2 

. C20 

.00 0 


.07 

.07 

< .300-09 

2 

.CIS 

.030 


.03 

.03 

.56D-C9 

3 

.no 

.000 


.11 

.11 

< .300-09 




STRcSS - 13. e megapascals 




1 

. 030 

.010 


.C9 

.10 

.130-08 

1 

.CbO 

.010 

2,7 6.3 4C. 

.55 

.56 

< .300 -G9 

1 

. 020 

.CIO 

5.2 6.1 7.6 11 .8 

17.40 

17.40 

.170-07 



table XI. - Concluded. 


(d) Room temperature residual tensile properties after creep testing at 1255 K 


PLASM^ TUNNEL SYMRO^ 

rxposupE 

AS RFCFIVtD 1 
IOC CYClFs-1255 K 2 
*■0 CYCLES-1366 K 3 


rxposuPF 


P'^IOP 

CRttP HISTORY 


-E^jnuAL TLnSIlF PROPtRTlFS 


STRFSS , 

Tl«c, 

CRFFP strain. 

Total plastic 

PF»"CrNT ULTI'^ftTf ELONGATION 


MFGAPaSCALS 

hours 

pfrcfnt 

crffp strain, 
PFPCENT 

YTCLc stress^ TF’>*SiLr STRESS, PERCENT 

METArAsCALS MEGAPASCALS 


1 

NOT 

CpfEp 

TfSTFD 

*493.3 

9*^1 ,S 

47, C 

1 

NOT 

CREEP 

TESTED 

S2C.2 

923.3 

4 7." 

1 

NOT 

cPeep 

Tested 

419.2 

915. r 

46.0 

1 

NOT 

CREEP 

TESTED 

463.7 

923.3 

46. r 

1 

NOT 

CREEP 

tested 

441 .C 

933.4 

5C.0 

2 

NO"^ 

Creep 

tested 

440.3 

9C3.3 

39.8 

2 

NOT 

CREEP 

tested 

449 ,S 

903.3 

4C .7 

3 

NOT 

cPfep 

tested 

39S.5 

772.4 

38. 9 

3 

NOT 

CREEP 

tested 

399.6 

774,4 

51.2 


1 

6 .9 

i5:-.g 

• 13 

.13 

477.1 

9j9.7 

27.8 

1 

6.9 

15C.C 

,16 

• 1^ 

467.1 

931.5 

24.1 

1 

6 .9 

isr.3 

.10 

• IQ 

427,2 

637.1 

25. G 

2 

6.9 

150.0 

• 26 

.26 

449.2 

923.3 

22.2 

2 

6.9 

15C.C 

.16 

.17 

454.7 

£76.4 

17.6 

3 

6 .9 

15C.0 

• 16 

*16 

362 .4 

7C9.7 

17,6 


1 

1q.3 

15c. 0 

.41 

.42 

457.5 

894.3 

25 . 

.0 

1 

10.3 

150. 0 

.77 

.78 

419.2 

847.5 

23. 

► 1 

1 

10 .3 

150.0 

.42 

• 43 

456.8 

893.6 

24. 

.1 

2 

1D*3 

15C.Q 

.07 

.07 

460.7 

688*2 

^21, 

. 3 

2 

ID. 3 

150. C 

.03 

.03 

454.1 

794.8 

11. 

.1 

3 

10.3 

I53.C 

.11 

• 11 

381.2 

753.2 

16. 

.7 


1 

13 .8 

15C.0 

.09 

.10 

246.0 

6P3.7 

t.3 

1 

13.8 

153. D 

17.40 

17.40 

• 0 

261.1 

r 


^ut of gage failure. 




TABLE Xn. - MECHANICAL PROPERTIES OF AS-RECEIVED AND PLASMA ARC TUNNEL 

EXPOSED HASTELLOY X 
(a) Room temperature tensile properties 

FXPOSURr SYMBOL 

as-recetveo 1 

i:: CYCLrs-1255 k 2 


rXPOSURF 

:.C7 pepcfnt 

P.? rCPCENT 

ultimate tensile 

rLONrATION IN 


YIFLD STRESS^ 

yield stress, 

STRESS, 

2.5 CENTIMETERS 


me C^PASCALS 

mEP A pA ^ cals 

megapascals 

PERCENT 


1 

1B3 .6 

31?.? 

766.1 

47.0 

1 

152 

33®.'' 

773-8 

49 .3 

1 

2C3.1 

32*^. 3 

769.2 

50.2 

2 

119. C 

27?.' 

708.6 

34.3 

n 

182 .9 

286.1 

733.4 

38 .9 

2 

177 .S 


680 .9 

32.4 

2 

8 6.9 

19 t .0 

68C*9 

38.8 



average values 



1 

ITS .7 

315.4 

769.4 

43.7 

2 

14 1.6 

26 3.6 

7GC.9 

’6.1 



TABLE xn. - Continued, 
(b) 1255 K tensile properties 

E ypOSURE SYMBOL 

AS-RECEIVED 1 

ICO CYCtCS-1255 K ? 


EXPOSURE 

D.02 PERCENT 

0,2 PERCENT 

ULTIMATE TENSILE 

ELONGATION IN 


yield stress. 

Yield stresSi 

STRESS , 

2,5 CENTIMETERS 


megapascals 

MET.APASCALS 

MEGAPASCALS 

PERCENT 


1 

CD .5 

87.5 

1?2 .0 

M6.C 

1 

S5 .2 

90.6 

133.3 

58.0 

1 

58.0 

83.3 

132.5 

54.0 

1 

71 ,9 

92.6 

136.2 

55.0 

2 

MO .5 

86 .0 

1M6.6 

^12.0 

2 

38 ,9 

67.4 

1 37-7 

40.1 



Average values 




1 

59 .9 

87.5 

131.0 

53.2 

2 

39 .7 

76.7 

142.2 

26. Q 


^Failed at spot weld. 



4 ^ 


TABLE XII. - Continued. 


(c) 1255 K creep strength properties 


»"XPO<iUPe SYMpOL 

AS-prCElVEP 1 

ICC CvCLrs-l?55 H 2 


rxposuPE 

elastic 

PLftSTi C 

TI^E CHOLIPS) RFOylRED TO 

CREEP strain 

TOTAL PLASTIC 

APPRoXIH ate 


SIR 

STRAIN 

produce rOLLOUING 

fnd of test 

CREEP STRAIN 

steady state 


CN LOADING, 
PERCENT 

ON loading, 
PEPCFN T 

strains (PERCENT) 

0-1 0.2 C.5 l.C 

(150 HOURS), 
PERCENT 

END OF TEST 
(15C HOURS), 
PERCENT 

CREEP RATE, 
1/SEcONd 





STRESS - 10.3 MEGAPASCALS 




I 

. C2P 

.010 

P7.5 

.14 

• 15 

.21C-C8 

1 

. ':20 

.020 


.09 

.11 

< .300-09 

1 

.r?D 

•ole 


.0 3 

.04 

.760-09 

2 

. ^2C 

.CIO 

57.2 120.0 

.24 

.25 

.280-08 

2 

.•*’40 

.010 

82.6 139.7 

.20 

.21 

.290-08 




STRESS - 13.8 MEGAPASCALS 




1 

. C20 

.060 


,CC 

.06 

< .300-09 

1 

. C2C 

.05 0 


.OP 

.13 

< .300-09 

1 

.^20 

.050 

73. C 139.6 

.22 

.27 

.110-08 

2 

. r2E 

.045 

51.7 9f.3 

.26 

.31 

.350-08 

2 

.f3C 

.C3D 

15.5 144.7 

.23 

.26 

.150-08 




STRESS = 17.2 megapascals 




1 

.^05 

.010 

66*5 

.17 

.18 

. 13C-C8 

1 

• CIO 

.020 

7.8 14.3 

.47 

.49 

.3C3-C6 

1 

.ro5 

.015 

59.0 

.13 

• 14 

•230-C8 


r>j ivj 


TABLE Xn. - Concluded. 


(d) Room temperature residual tensile properties after creep testing at 1255 K 


Aoc TUNNtL SYMBOL 
rXPOSL^^r 


AS p'”crivcD 1 

iCL' rYCLrs-i?s5 K r 


EXPOSURE 


PPIOR 

CREEP HTSTCPY 



STPrSS , 

T I Mf , 

Creep strain. 

total PLASTIC 


megapascals 

HOURS 

PE pC^NT 

CREEP STPAIN, 
PERCENT 


-FSIOUAL TCNSlLr PPOPCRTIES 


?.? PFRCFNT 
YTrLD STRESS, 
«F GAPASCALS 


ultimate Elongation, 
tensile stpe<-s, plrcfnt 

MEGAPASCAL*^ 


1 

1 

1 

2 

7 


1 

1 

1 

2 

2 


1 

1 

1 


3 

1 

1 


NOT 

rprEP 

TESTED 

313,5 

770 . 3 

47.- 

NOT 

CRCEP 

TESTFO 

3C8.7 

773,7 

49 • r 

NOT 

CPflP 

Tested 

325,9 

771.7 

5C.C 

NOT 

CPfEr 

TESTED 

272.8 

695.9 

34.3 

NOT 

CREEP 

TESTED 

285 ,9 

731,7 

38-9 


ID .3 

1 5 E . D 

.14 

.15 

321.8 

751.7 

21.3 

10 .3 

15''.D 


• 1 1 

3D2 .5 

748,3 

21.3 

ID .3 

1 5 ?.0 

• D ^ 

.04 

31 1 ,4 

747.6 

23.1 

ID .3 

ISD.D 

.24 

.25 

3P0.7 

736.1 

22.2 

IG .3 

is :. 3 

.2" 

.21 

293 .0 

67C.9 

14.8 


1 3 .8 

15:.3 

. p? 

.06 

308.0 

777.9 

25.0 

13 .8 

15:.D 


.13 

323 .4 

759.3 

28.7 

13 .8 

15:.?. 

.2? 

.27 

290.1 

772.4 

2D. 4 

13 .8 

is:.: 

.26 

.31 

447,8 

734.5 

19.4 

13 .8 

15^.: 

.23 

.26 

32C.4 

564.3 

7.4 


1 7 .2 

1 5 . c 

.17 

.18 

299,0 

76D.7 

2i .4 

17 .2 

15^.3 

.47 

.49 

334 .2 

777.9 

a-19.4 

17 .2 

i5'l: 

.1^ 

.14 

345.2 

8C2.0 

2G .4 


^Out of gage failure. 


4:^ 

00 


TABLE Xm. - MECHAJSnCAL PROPERTIES OF AS-RECEIVED AND PLASMA ARC TUNNEL 

EXPOSED DS-NiCr(I) 

(a) Room temperature tensile properties 


F vro*-, 


Y'"- ( L 


A<;-PFrETVrn 
4- CyCLCS-147-^ y 
6" CYCLCS-nft; K 


1 


CXPOSUPF 

C.P*^ Prf>cpNT 

?.? PFPC'stT 

ultimate tensile 

rLONCATION IN 


YTFLD STPFSS, 

yield stpess , 

STRESS , 

centimeters 


MEGAPASCALS 


MFr.APASCALS 

percent 


1 

565 .6 

533,’^ 

7 4 8*6 

15.7 

1 

548 

64-. 1 

r 49 .5 

13.9 

1 

497 ,8 

65'" .6 

2 -S 

16.7 

1 

532 .3 

65«^ ,5 

r ?3 , 1 

13.9 

2 

167.9 

557. P 

7f 9 . 3 

12.D 

2 

165,4 

531-7 

7P9 .4 

13. D 



AVERAGE VALUES 



1 

536 .3 

654.9 

‘•7^.9 

15. D 

7 

If 6 .6 

547 .5 

779 .4 

1?.5 



TABLE Xin. - Continued. 


(b) 1366 K tensile properties 


EXPOSURr SYMPOL 


AS-RfCElVCO 1 

4C CYCLfS-l^l7T K ♦ 

b') CVCLE:S-1366 K 2 


EXPOSURt 

C.O? PrPCENT 

c«? percent 

ultimate tensile 

ELONGATION IN 


YIELD STRESft 

YIELD STRESS, 

STRESS, 

2.5 centimeters 


HEGAPASCALS 

•'fCAPASCALS 

MEGAPASCALS 

TEPCENT 


1 

52.5 

ar .9 

IDS. 2 

3.7 

1 

6C.3 

32.5 

ua.i 

2.7 

1 

54 .5 

75.4 

113.4 

3.1 

? 

31 .3 

73.4 

1C3.C 

1.9 

2 

48.9 

6R.7 

89.5 

3-1.9 



AVERAGE VALUES 




1 

55.7 

79.6 

109.6 

3.2 

2 

4D .1 

71 .5 

«6.2 

1.9 


^Failed at spot weld. 



TABLE XIII. - Continued. 

(c) 1366 K creep strength properties 


rxPC'Ui^r Symbol 

AS-RTCCIVCD 1 

MCJ CYCLE5;-1477 K ♦ 

fcG CVCLES-1366 K ? 


rxPosupE 

ELA ^TIC 

PLASTIC 

TIMf CHOURS) 

PECUIREO TC 

CREEP STRAIN 

total 

PLASH C 

approx! mate 


SIR aim 
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TABLE Xni. - Concluded. 


(d) Room temperature residual tensile properties after creep testing at 1366 K 
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(b) DS-NiCrdl). 


Figure 1. - As-received microstructures of Ni-20Cr-2 Th 02 alloys produced by pack 
chromizing. Electrolytically etched in chromic acid mixture (90 ml H 2 O - 10 ml 
H 2 SO 4 - 2 g chromic acid). Microstructure consists of thoria-free (white) and 
thoria-containing (gray) bands. 


5.2 



Figure 2. - Front view of Plasma Arc Tunnel test sample Illustrating approximate 
thickness measurement locations (positions 1 to 9) and tack welded thermo- 
couple sites (positions 1, 3, 5, 7, and 9). 



Figure 3. - Typical temperature history for 
TD-NiCrAl sample (ref. 10). 




(a) TD-NiCr exposed for 100 cycles at 1366 K. Electrolytically etched with chromic 
acid mixture. 



(b) DS-NiCrCE) exposed for 100 cycles at 1366 K. Electrolytically etched with chromic 
acid mixture. 

Figure 4. - Typical photomicrographs of Plasma Arc Tunnel exposed alloys. 
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Haynes Alloy 188 TD-NICr at 1366 K 

at 1255 K Haynes Alloy 188 TD-NiCr 
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(a) Room temperature tensile properties. 
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(b) Elevated temperature tensile properties. 

Figure 5. - Average mechanical properties of as-received and Plasma 
Arc Tunnel exposed TD-NiCr and Haynes Alloy 188. 
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(c) Total plastic creep strain after 150 hours of creep testing at 
elevated temperature. 

Figure 5. - Concluded. 
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(b) Residual tensile elongation of TD-NiCr. 

Figure 6. - Residual room temperature ultimate tensile 
strength and elongation of TD-NiCr and Haynes Alloy 
188 as function of prior creep strain. 



(c) Residual ultimate tensile strength of Haynes PWoy 188. 
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(d) Residual tensile elongation of Haynes Alloy 188. 
Figure 6. - Concluded. 
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(b) Plasma arc tunnel exposed for 100 cycles at 1366 K. 

Figure 7. - Scanning electron photomicrographs of room temperature 
tensile fracture surfaces of as-received and PAT exposed TD-NiCr 
(Figures 7 (a) and (b) are different regions on same specimen.) 







(c) As received. 
Figure 7. - Concluded 






(b) DS-NiCrQ specimen: PAT exposed for 100 cycles at 1366 K then 
creep tested for 150 hours at 1366 K, 27.6 MPa, 0.35 percent strain. 

Figure 8. - Scanning electron photomicrographs of the room temperature 
residual tensile fracture surfaces of three ODS alloys which have 
suffered creep damage. 












(a) As-received (not thermally exposed). 



(b) PAT exposed for 100 cycles at 1255 K; then creep tested for 150 hours 
at 1255 K, 6.9 MPa, 0.26 percent strain. 

Figure 9. - Scanning electron photomicrographs of room temperature residual 
tensile fracture surfaces of Haynes Alloy 188. 


NASA-Langley, 1977 E-9062 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON, D.C. 20546 


OFFICIAL BUSINESS 

PENALTY FOR PRIVATE USE $300 SPECIAL FOURTH-CLASS RATE 

BOOK 


POSTAGE AND FEES PAID 
NATIONAL AERONAUTICS AND 
SPACE ADMINISTRATION 
451 



255 001 Cl U C 770325 S00903DS 
DEPT OF THE AIB FGECS 
AF WEAPONS LABOEAIOBY 
ATTN: TECHNICAL LIBRABY (SUL) 
KIEILAND AFB NK 87117 


POSTMASTER : 


If Undeliverable (Section 158 
Postal Manual) Do Not Return 


aeronautical and space activities of the United States shall be 
conducted so as to contribute . . . to the expansion of human knowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of information concerning its activities and the results thereof.” 

— National Aeronautics and Space Act of 1958 


NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 


TECHNICAL REPORTS: Scientific and 
technical information considered important, 
complete, and a lasting contribution to existing 
knowledge. 

TECHNICAL NOTES: Information less broad 
in scope bur nevertheless of importance as a 
contribution to existing knowledge. 

TECHNICAL MEMORANDUMS: 

Information receiving limited distribution 
because of preliminary data, security classifica- 
tion, or other reasons. Also includes conference 
proceedings with either limited or unlimited 
distribution. 

CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 


TECHNICAL TRANSLATIONS: Information 
published in a foreign language considered 
to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: Information 
derived from or of value to NASA activities. 
Publications include final reports of major 
projects, monographs, data compilations, 
handbooks, sourcebooks, and special 
bibliographies. 

TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technology 
used by NASA that may be of particular 
interest in commercial and other_ non-aerospace 
applications. Publications include Tech Briefs, 
Technology Utilization Reports and 
Technology Surveys. 


Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION OFFICE 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. 20546 




